In vertebrates, the positioning of the internal organs relative to the midline is asymmetric and evolutionarily conserved. A number of molecules have been shown to play critical roles in left-right patterning. Using representational difference analysis to identify genes that are differentially expressed on the left and right sides of the chick embryo, we cloned chick Claudin-1, an integral component of epithelial tight junctions. Here, we demonstrate that retroviral overexpression of Claudin-1, but not Claudin-3, on the right side of the chick embryo between HH stages 4 and 7 randomizes the direction of heart looping. This effect was not observed when Claudin-1 was overexpressed on the left side of the embryo. A small, but reproducible, induction of Nodal expression in the perinodal region on the right side of the embryo was noted in embryos that were injected with Claudin-1 retroviral particles on their right sides. However, no changes in Lefty, Pitx2 or cSnR expression were observed. In addition, Flectin expression remained higher in the left dorsal mesocardial folds of embryos with leftwardly looped hearts resulting from Claudin-1 overexpression on the right side of the embryo. We demonstrated that Claudin-1's C-terminal cytoplasmic tail is essential for this effect: mutation of a PKC phosphorylation site in the Claudin-1 C-terminal cytoplasmic domain at threonine-206 eliminates Claudin-1's ability to randomize the direction of heart looping. Taken together, our data provide evidence that appropriate expression of the tight junction protein Claudin-1 is required for normal heart looping and suggest that phosphorylation of its cytoplasmic tail is responsible for mediating this function. q
Introduction
The vertebrate body plan is built along three axesanterior-posterior, dorsal-ventral and left-right-which are established in a coordinated fashion during gastrulation (Beddington and Robertson, 1999) . Patterning along the left-right axis results in the asymmetric positioning of the internal organs relative to the midline. The correct placement of the internal organs is essential for normal physiological function. The asymmetric positioning and morphogenesis of the internal organs requires the coordination of several key developmental events, including cell-cell communication, cell migration and proliferation (Capdevila et al., 2000; Hamada et al., 2002; Levin, 2005; Ryan and Izpisúa Belmonte, 2000) . The occurrence of heterotaxia, where the situs of individual organs is randomized, and isomerisms of individual organs indicate that the information provided by the global left-right patterning cascade is independently incorporated by each individual organ into its own morphogenetic program (Cohen, 2001) .
Developmental cues that direct left-right patterning occur well in advance of any observable morphological asymmetry (Levin, 2005) . In chicks, morphological asymmetry is first observed at Hensen's node at HH stage 4 (Dathe et al., 2002) . However, in most vertebrates, the earliest conserved morphological disruption of bilateral symmetry is the rightward looping of the heart, which occurs at HH stage 11 in chick embryos. Studies in chick, mouse, Xenopus and zebrafish have identified many of the molecular components that are required for the initial establishment and maintenance of the left-right axis (Hamada et al., 2002; Levin, 2005; Ryan and Izpisúa Belmonte, 2000) . These molecules predominantly fall into two categories: signalling molecules and their receptors, and transcription factors that integrate the information from various signalling pathways to regulate downstream target genes. From this work it is well-established that despite species-specific differences in the initiation of this signalling cascade (Hamada et al., 2002) the Nodal/Pitx2 portion of the left-right patterning cascade is evolutionarily conserved (Campione et al., 2001; Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998) . In addition to signalling molecules and transcription factors, molecules involved in cell adhesion and direct cell-cell interactions have also been shown to play important roles in left-right patterning. These include the gap junction proteins (Levin, 2002; Mercola, 1998, 1999) , the extracellular matrix protein N-Cadherin (Garcia-Castro et al., 2000) , the Notch signalling pathway (Hermann et al., 2000; Krebs et al., 2003; Przemeck et al., 2003; Raya et al., 2003 , and the Xenopus tight junction protein claudin (Brizuela et al., 2001) . Tight junctions are located at the apical side of epithelial cells and form an anastomosing network of cell-cell adhesion sites that are critical for regulating paracellular diffusion and restricting apical-basolateral transport of small molecules (reviewed in Furuse, 2000, 2002; Tsukita et al., 2001; Turksen and Troy, 2004) . The four transmembrane domain proteins, claudin and occludin, and the single transmembrane domain protein, junction adhesion molecule (JAM), are integral membrane components of tight junctions. At the intracellular surface of the tight junction, there are cytoplasmic plaques that contain large protein complexes that recruit a wide range of cytosolic components to the tight junction, including protein kinases, GTPases and transcription factors (Gonzalez-Mariscal et al., 2003; Matter and Balda, 2003) .
Over 20 claudin family members have been identified in vertebrates. The permeability of tight junctions with respect to their size and ion selectivity appears to be determined by which member of the claudin family is present. Individual claudins have been shown to play critical roles in normal development Wilcox et al., 2001; Gow et al., 1999; Weber et al., 2001 ) and changes in claudin expression has been implicated in tumorigenesis and other disease states Hibbs et al., 2004; Mitic et al., 2000; Miwa et al., 2000; Resnick et al., 2004; Sawada et al., 2003) .
Here, we describe the cloning of chick Claudin-1 and examine its function in patterning the left-right embryonic axis. Claudin-1 was cloned in a subtractive screen to identify molecules that are differentially expressed on the left and right sides of the embryo. Overexpression of Claudin-1 on the right side of the embryo led to randomization of heart looping, while no effect was observed when Claudin-1 was overexpressed on the left side. In contrast, overexpression of Claudin-3 on the right side did not affect the direction of heart looping. Our data suggest that the expression level of specific claudin molecules is essential for maintaining normal left-right patterning during embryogenesis. In addition, we demonstrate that an intact PKC phosphorylation site in the cytoplasmic C-terminal domain of Claudin-1 is essential for its ability to alter the direction of heart looping.
Results

Isolation of the chick Claudin-1 cDNA clone
Despite the fact that many of the molecular components of the left-right patterning cascade have been defined, there remain several gaps in our knowledge of how the molecular cascade is translated into asymmetric organ placement. To identify new molecules that are differentially expressed between the left and right sides of the embryo that participate in directing asymmetric morphogenesis, we used a modification of representation difference analysis (Bermingham et al., 2001; Hubank and Schatz, 1994) . We isolated and sequenced 50 clones from each of the left-and right-enriched cDNA pools. One of the molecules that we isolated from the left difference products, DL-37, was a member of the claudin family of tight junction proteins. Given that a member of the claudin family had been shown to participate in left-right patterning in Xenopus we elected to pursue the functional characterization of this molecule.
Based on the homology of DL-37 to other vertebrate claudin family members, we determined that our clone was the chick Claudin-1 homologue. Amino acids 2-23 of chick Claudin-1 are 100% identical to a 22 amino acid peptide sequence for chick Claudin-1 that was previously reported (Furuse et al., 1998) . Two EST clones that contained a region of 100% identity to our cDNA clone were obtained from the BBSRC Chick EST Database. Complete sequence analysis of these ESTs indicated that neither extended sufficiently 5 0 to encode the initiator methionine. Therefore, a stage 8-14 chick embryo cDNA library was screened with the DL-37 partial clone. A cDNA clone encoding the fulllength 211 amino acid Claudin-1 protein was isolated and compared to the known and predicted sequences of other claudin family members (Fig. 1a) . The chick Claudin-1 (cClaudin-1) clone shared 73 and 70% identity with the human (hClaudin-1) and mouse Claudin-1 (mClaudin-1) homologues, respectively (Fig. 1a) . The next closest related claudin family member was Xenopus X7L1 (xClaudin7Ll) which is 58% identical to chick Claudin-1 (Fujita et al., 2002) . Chick Claudin-1 was 43% identical to chick Claudin-3 and -5, and 45% identical to the Xenopus claudin family member, Xcla, which has been implicated to have a function in left-right patterning (Brizuela et al., 2001) . Chick Claudin-3 and Xcla were found to be 65% identical and were most closely related to each other (Fig. 1b) . Therefore, we isolated a full-length Claudin-3 cDNA clone that could be used in parallel experiments to complement our functional studies with Claudin-1.
2.2. Claudin-1 and Claudin-3 have distinct, but overlapping, expression patterns during chick embryogenesis
The expression patterns of Claudin-1 and Claudin-3 during embryogenesis were compared between stage XIII (Eyal-Giladi and Kochav 1976) and HH stage 18 (Hamburger and Hamilton 1992) . We have previously published a detailed description of Claudin-1 expression between HH stage 4 and day 10 of chick embryogenesis (Simard et al., 2005) . Here, we show that Claudin-1 expression can be observed in the epiblast as early as HH stage 1 and this expression is more robust at stage XIII Fig. 1 . Comparison of chicken Claudin-1 to other vertebrate claudin family members. The amino acid sequence of chicken Claudin-1 (AY50897) was compared to the human Claudin-1 sequence (NM021101), Xenopus claudin (Xcla; AF224712), XClaudin7L1 (AB072910), chicken Claudin-3 (NM204202) and the predicted sequences for chicken Claudin-2 (XM420271), -5 (XM415681), -4L2 (XM415722), -8 (XM425544), -14 (XM425552), -15 (XM422589), -18 (XM426691), and -22 (XM425804). In (a) identities are boxed and gaps are indicated by the dashes. The dendogram in (b) indicates that after its human homologue (hClaudin-1), chicken Claudin-1 is most closely related to Xenopus claudin 7L1. Chicken Claudin-3 and Xcla also cluster together and the remaining claudins are more distantly related. . In marked contrast, Claudin-3 expression was not observed at stage XIII (c,c 0 ). From HH stage 4 onwards, low levels of Claudin-3 are observed in the ectoderm (d-q) and it is never expressed in the neuroectoderm (d-q). Claudin-3 is not expressed in the lateral plate mesoderm, or other mesodermal derivatives. Transverse sections from a HH stage 4 (e-g), HH stage 6C (i-k) and HH stage 10 embryo (m-q). The position of each section relative to the whole embryo is shown in (d,h, and l). All embryos are dorsal views and all sections are oriented so that the dorsal side of the section is up. Abbreviations, ecto, ectoderm; endo, endoderm; epi, epiblast; hn, Hensen's node; hypo, hypoblast; np, neural plate; nt, neural tube; ph, pharynx; ps, primitive streak; Scale bars equal 100 mm.
4-( Fig. 2a and b) . Between stages HH stages 4 and 8, Claudin-1 is preferentially expressed in the ectoderm, neuroectoderm and the endoderm and its derivatives (Simard et al., 2005) . During gastrulation, Claudin-1 expression is significantly reduced in the cells that ingress through the primitive streak and it is not observed in the resulting mesodermal cell layer (Simard et al., 2005) . Claudin-1 expression is never observed in the notochord, the developing heart, lateral plate mesoderm or the majority of mesodermal derivatives, except for the mesonephros. In contrast to Claudin-1, Claudin-3 was virtually absent from the entire embryo prior to HH stage 4 ( Fig. 2c and d) . At HH stage 4, low levels were observed in the endoderm and in the ectoderm at the most lateral and posterior edges of the embryo (Fig. 2e-g ). At HH stage 6, Claudin-3 was expressed in non-neural ectoderm and the endoderm (Fig. 2i-k) . Claudin-3 was never expressed in the neural plate or the neural tube ( Fig. 2d-q) . From HH stage 8 onwards, Claudin-3 was expressed in the floor of the pharynx and at later stages it was observed in the forming gut and nephric ducts in a pattern similar to Claudin-1 (data not shown and (Haworth et al., 2005) ). Similarly to Claudin-1, Claudin-3 mRNA expression was never observed in the heart, somites or notochord.
In order to ensure that Claudin-1 gene expression accurately reflected Claudin-1 protein expression, we performed immunohistochemical analysis of HH stage 4 and 10 chick embryos using a Claudin-1-specific monoclonal antibody. The temporal and spatial aspects of Claudin-1 protein expression were identical to that observed for Claudin-1 mRNA (Fig. 3) . In HH stage 4 embryos Claudin-1 protein was primarily found in the ectoderm (Fig. 3a,b) . Claudin-1 was localized in a punctate pattern at the dorsal surface of the ectoderm, while more intense staining was noted at the ventral surface (Fig. 3a,b) . Fig. 3 . Immunohistochemical localization of Claudin-1 expression in the chick embryo. Claudin-1 protein was detected with a rabbit anti-Claudin-1 antibody (Zymed) and an anti-rabbit IgG secondary antibody conjugated to Alexa fluor 488 (a-i). Except for (b) DAPI was contained in the coverslipping media and used to determine the position of nuclei. All embryos are oriented so that the dorsal side of the section is at the top. (a,b) 10 mm paraffin sections from a HH stage 4 embryo. Claudin-1 protein expression was detected at the dorsal and ventral surfaces of the ectoderm at HH stage 4. Arrowheads indicate Claudin-1 protein detected on the ventral surface. Expression at the ventral surface is more continuous than the expression at the dorsal surface which is punctate. (c-f) Claudin-1 expression in 10 mm sections from a HH stage 10 embryo. (e) a higher magnification of the box indicated in (d). Claudin-1 protein was detected in the ectoderm, endoderm (c-e), ventral pharynx (d) and at the surface of the cells lining the neural tube (f). Claudin-1 expression was not detected in the somites, lateral plate mesoderm, or developing heart. (g-l) Sections from a HH stage 5 embryro were double stained with rabbit anti-claudin-1 and mouse anti-ZO-1 (g-i) or mouse anti-occludin (j-l). Co-localization of Claudin-1 with ZO-1 or occludin was limited to the dorsal surface of the ectoderm as indicated by the white arrowheads (i,l). Claudin-1 was primarily expressed in the surface ectoderm (g,j), while ZO-1 (h,i) and Occludin (k,l) were more broadly expressed throughout the section. Abbreviations: ecto, ectoderm; endo, endoderm; h, heart; lpm, lateral plate mesoderm; m, mesoderm; nc, notochord; nt, neural tube; ph, pharynx; ps, primitive streak; s, somite. Scale bars are 100 mm.
Low levels of Claudin-1 expression were observed in the primitive streak but not in the mesoderm (Fig. 3b) . At HH stage 10, Claudin-1 was localized at the cell surface of almost all of the cells in the ectoderm. However, the dorsal-ventral difference in Claudin-1 localization was not observed. High levels of expression were also observed in the neuroectoderm, endoderm and ventral pharynx (Fig. 3a-f ). In agreement with our in situ hybridization data, Claudin-1 protein was not detected in the head mesenchyme, heart, notochord or somites (Fig. 3c-e) . At these stages of development, Claudin-1 protein colocalized with ZO-1, a component of the tight junction cytoplasmic plaque (Fig. 3g-i) , and with occludin, a ubiquitous transmembrane component of all tight junctions (Fig. 3j-l) . There was significant ZO-1 and occludin expression within the primitive streak that did not colocalize with Claudin-1, suggesting that there are other non-Claudin-1 containing tight junctions in the embryo at this stage of development (Fig. 3i,l) .
Based on the fact that Claudin-1 was isolated from a pool of cDNA clones that were enriched for gene products that were preferentially expressed on the left side of the embryo, we expected to observe higher levels of Claudin-1 expression on the left side of the embryo. Given the high level at which Claudin-1 is expressed, it was possible that a subtle difference in its expression between the left and right sides of the embryo would not be discernable using colorimetric analyses as employed in our whole mount in situ hybridization or by immunohistochemical analysis. Therefore, we performed quantitative RT-PCR (QRT-PCR) analysis on total RNA that was isolated from the left and right sides of HH stage 4-6 chick embryos using the QuantiTect SYBR Green RT-PCR kit (Qiagen) and oligonucleotides that were designed to amplify a 117 bp Claudin-1 fragment. All results were standardized to results obtained for amplification of the housekeeping gene GAPDH. The level of Claudin-1 mRNA was determined to be 1.4-fold higher on the left side at HH stage 4 and 2.5-fold higher on the left side at HH stage 5 and 6 (nZ4; P!0.005).
2.3. Retroviral overexpression of Claudin-1, but not Claudin-3, on the right side of the embryo randomizes the direction of heart looping Previous studies have shown that overexpression of either a full-length or a C-terminal truncated form of the Xenopus Claudin, Xcla, in 4-cell stage Xenopus embryos leads to heterotaxia (Brizuela et al., 2001) . In order to determine if Claudin-1, which was isolated in our screen, or Claudin-3, which is the chick claudin family member that is most closely related to Xcla, would have similar effects on left-right patterning, we overexpressed them individually in HH stage 4-8 chick embryos. HH stage 4-8 chick embryos were removed from the egg and cultured ex ovo (Chapman et al., 2001) . Retroviral particles encoding Claudin-1 or Claudin-3 were microinjected into either the right or left side of the embryo, which was then incubated until HH stage 11-12 when the direction of heart looping was scored. The ex ovo culture system that we used for these studies resulted in greater than 90% survival (range 86-97%). Our background level of reversed heart looping due to experimental manipulation was usually in the range of 8-12%, although in some experiments we did not observe any leftwardly looped hearts in the uninjected embryos.
Overall, retroviral overexpression of Claudin-3 did not have a significant effect on heart looping as compared to uninjected embryos, regardless of whether the Claudin-3 retroviral particles were injected on the right or left side of the embryo at HH stage 4. A slight increase in leftward heart looping was observed when Claudin-3 retroviral particles were injected on the left side of the embryo as compared to the uninjected embryos (c 2 Z2.48; PZ.11). However, this difference was not significant compared to the percentage of leftward heart looping associated with injection of Claudin-3 retrovirus on the right side of the embryo (c 2 Z0.95, PZ0.33), which in turn was not significantly different from uninjected embryos (c 2 Z0.17, PZ0.68) ( Table 1 ).
In contrast, we observed a statistically significant difference in the randomization of the direction of heart looping when retroviral particles expressing Claudin-1 were injected on the right side of the embryo at HH stage 4 as compared to uninjected embryos (c 2 Z13.6, P!0.001) or to embryos that were injected on their left sides (c 2 Z7.52, PZ0.006). Following retroviral overexpression of Claudin-1 on the right side of stage 4 chick embryos, the heart looped to the left in 27% (42/154) of the injected embryos (Table 2 , Fig. 4 ). In contrast, overexpression of Claudin-1 on the left side of the embryo resulted in a reversal of heart looping in only 12% (10/84) of the embryos (Table 2) , which was not different from the background level of leftward heart looping observed in uninjected embryos (c 2 Z0.15, PZ 0.70). Similar results were obtained for injections at HH stages 5: injection on the right side led to a significant increase in leftward heart looping (c 2 Z4.3, P!0.05) while no effect was observed when embryos were injected with Claudin-1 on their left side. Except for the direction of looping, the leftwardly looped hearts were phenotypically indistinguishable from the normal rightward looping hearts (Fig. 4) . In several of the hearts that looped to the left we observed an S-shaped heart tube where the posterior aspect of the heart tube looped to the left and the more anterior end of the heart tube looped to the right (Fig. 4d) . The S-shaped phenotype was not observed for any of the hearts that looped normally to the right.
When embryos were placed in ex ovo culture at HH stages 7 and 8, we obtained a significant increase in leftward There was not a significant effect on the direction of heart looping following overexpression of Claudin-3 at HH stage 4, stage 5 or stage 6. The % of leftward looping hearts following overexpression of Claudin-3 on the right side at HH stage 4 approached significance (c 2 Z2.48, PZ0.11) although the effect was not significantly different from the % of leftward looping hearts that were observed following overexpression of Claudin-3 on the right side at HH stage 4 (c 2 Z0.95, PZ0.33).
heart looping (P!0.05) regardless of the side on which Claudin-1 retrovirus was injected. To determine if this effect was due to the mechanical manipulation of embryos during removal from the egg at later stages, we performed a series of experiments where embryos were put into ex ovo culture at HH stage 4 and incubated on the plates until they had at least 1 somite (HH stage 7; Table 2) . Retroviral particles were then injected into either the right or left side of the embryo at the level of, or slightly anterior to, the node and then incubated until the direction of heart looping could be assessed. In embryos removed at stage 4 and injected on the right side at HH stage 7, we observed a significant difference in the percentage of leftward looping hearts (24%) versus uninjected embryos (c 2 Z9.12, P!0.002) or those injected with Claudin-1 retrovirus on their left side (8.8%; c 2 Z5.79, P!0.02). In similar embryos that were injected at HH stage 7C to 8K, leftwardly looped hearts were observed in less than 5% of the embryos injected on their right (nZ1/21) and in none of the embryos injected on their left sides (nZ16). These results support our hypothesis that the leftward heart looping that we observed in injected embryos removed from the egg at HH stages 7 and 8 was due to mechanical manipulations. These data also demonstrate that Claudin-1 overexpression on the right side must be initiated by HH stage 7 in order to have an effect on the direction of heart looping.
2.4. Claudin-1 infected cells are able to gastrulate and contribute to structures that do not normally express Claudin-1
The ability to induce leftward heart looping following Claudin-1 overexpression on the right side of the embryo, but not on the left side of the embryo, led us to hypothesize that higher levels of Claudin-1 expression on the left side of the embryo than the right side at these stages is critical for normal left-right patterning. If this is true we would predict that overexpression of Claudin-1 on the right side of the embryo equilibrates the level of Claudin-1 expression. In order to determine the extent of retroviral infection and to identify the cells in the embryo that became infected with the retrovirus following injection of the Claudin-1 retroviral particles, we performed whole mount in situ hybridization using an antisense probe for the retroviral envelope gene (env). In our preliminary analysis, we determined that the pattern of ectopic Claudin-1 expression detected using a Claudin-1 antisense probe was identical to the pattern of retrovirally infected cells detected with the env antisense probe. We completed the analysis using the env probe since it allowed us to more easily distinguish the cells that were infected. Embryos were injected with Claudin-1 retroviral particles and incubated for an additional 6, 14 or 24 h. Six hours following infection, expression was detected in 73% (nZ 16/22) of the embryos that had been injected with retroviral particles on the right side. In all of these embryos, the infected cells were predominantly ectodermal and located at the midline ( Fig. 5a-d) . Infected cells were located either along the entire primitive groove or in a more limited zone of the midline adjacent to the node. The fact that we did not observe significant retroviral infection in the right ectoderm indicates that we are not globally increasing the level of Claudin-1 expression on the right side of the embryo prior to HH stage 8. Therefore, it is unlikely that the effect of Claudin-1 overexpression on the direction of heart looping is due to the equalization of the level of Claudin-1 expression on the left and right sides of the embryo.
After 14 and 24 h of incubation positive cells were detected in 100% of the embryos. Fourteen hours after incubation, infected cells were primarily observed along the entire anterior-posterior axis but predominantly limited to the right side of the embryo (Fig. 5e-g ). Of the 15 embryos infected on the right side and collected at 24 h, all exhibited expression along the entire right side of the embryo and five of these embryos had some level of infection of cells on the left side of the embryo. In the older embryos, cell types and tissues that do not normally express Claudin-1 were infected, including somites and head mesenchyme. Thus, our data demonstrate that ectopic expression of Claudin-1 did not prevent cells from ingressing through the primitive streak during gastrulation or subsequently contributing to tissue types in which Claudin-1 is not normally expressed. We performed parallel experiments with embryos that were injected on their left sides at HH stage 4. Interestingly, the hearts looped normally to the right even in embryos that had high levels of Claudin-1 retrovirus infection along their entire left side (Fig. 5g) . This further supports our finding that it is the overexpression of Claudin-1 on the right side of the embryo that is critical for randomizing the direction of heart looping.
2.5. Retroviral overexpression of Claudin-1 induces ectopic expression of Nodal on the right side of the node but does not alter gene expression patterns in the lateral plate mesoderm.
Many of the molecular components of the left-right patterning cascade have been defined in chick as well as in other vertebrates (Capdevila et al., 2000; Hamada et al., 2002; Levin, 2005; Raya and Izpisúa Belmonte, 2004) . In order to position Claudin-1's effect on randomizing the direction of heart looping relative to other molecules known to participate in patterning the left-right axis, we performed whole mount in situ hybridization analysis to determine if endogenous patterns of gene expression were altered in the injected embryos. Brizuela et al. (2001) noted ectopic induction of Nodal in the right lateral plate mesoderm of Xenopus embryos that were injected with Xcla into each blastomere at the 4-cell stage. In chick, Nodal is expressed only on the left side of the node at HH stage 5K and then at HH stage 7K becomes expressed in the left lateral plate mesoderm (Fig. 6a) . At HH stage 9, a very low level of Nodal expression can be detected in the right perinodal region (Rodriguez Esteban et al., 1999) . In order to examine the effects on Nodal expression, embryos were injected at HH stage 4 and collected between HH stage 6 and 7. We observed induction of Nodal expression on the right side of the node in 44% (15/34) of the embryos that were injected on their right side with Claudin-1 retroviral particles (Fig. 6d,e) . Induction of Nodal expression on the right side of the node was not observed in the uninjected embryos (Fig. 6a ) or in embryos that were injected with Claudin-1 retrovirus on the left side of the node (nZ12; Fig. 6b,c) . However, we did not detect an induction of Nodal expression in the right lateral plate mesoderm, as observed following overexpression of Xcla (Brizuela et al., 2001 ). In addition, we did not observe any effect on the expression of Caronte, an antagonist of BMP signalling that is normally expressed on the left side of the embryo (Rodriguez Esteban et al., 1999) and required for Nodal expression in the left lateral plate mesoderm (Piedra and Ros, 2002) . Thus, the induction of Nodal that we observe in the perinodal region on the right may represent the precocious onset of the expression that is seen in stage 9 embryos.
The Nodal/Pitx2 portion of the left-right patterning cascade has been well conserved in all vertebrates studied to date (Hamada et al., 2002; Capdevila et al., 2000; Ryan and Izpisúa Belmonte, 2000) . Our data suggest that overexpression of Claudin-1 does not act upstream of Nodal expression in the lateral plate mesoderm. To determine if Claudin-1 was acting at an intermediate step in the Nodal/Pitx2 cassette, we examined the effect of Claudin-1 overexpression on the endogenous asymmetric expression patterns of Lefty and Pitx2, which are normally expressed on the left side of the embryo in the lateral plate mesoderm in response to Nodal signalling (Logan et al., 1998; Piedra et al., 1998; Rodriguez Esteban et al., 1999; Ryan et al., 1998; St Amand et al., 1998) . Following Claudin-1 overexpression, we did not observe any changes in the endogenous expression pattern of Lefty (nZ25) or Pitx2 (nZ45) at HH stages 8-9: both genes were expressed in the left lateral plate mesoderm and not in the right (data not shown). Similarly, between HH stages 10 and 12, ectopic Pitx2 expression on the right side of the embryo was not observed in the Claudin-1 infected embryos. In addition, Claudin-1 overexpression did not appear to affect the expression of cSnR, which is normally expressed at higher levels in the right lateral plate mesoderm side of the embryo at HH stage 9 (nZ49; data not shown) (Isaac et al., 1997) . Finally, we examined the expression of Shh and Lefty-1 in the midline of the embryo. Shh is normally expressed in the notochord at these stages of development, while Lefty-1 expression is limited to the left side of the notochord. Again, no changes in the expression of either of these molecules were observed following Claudin-1 overexpression (data not shown). 
Retroviral overexpression of Claudin-1 on the right side does not alter Flectin expression in the dorsal mesocardial folds
Asymmetric expression of the extracellular matrix protein, Flectin, is observed in the dorsal mesocardium, which is formed from the splanchnic mesoderm and acts to suspend the heart in the pericardial cavity. In normal, rightward looping hearts, Flectin is more highly expressed in the left dorsal mesocardial folds throughout the tubular heart in both chick and mice (Tsuda et al., 1998 (Tsuda et al., , 1996 . Recently, it was shown that there is increased proliferation on the left side of the dorsal mesocardium relative to the right side, and this asymmetric proliferation is proposed to determine the direction of heart looping (Linask et al., 2005) . Thus, the asymmetry in Flectin expression directly reflects the increased cell number on the left side. In embryos with leftwardly looped hearts resulting from Pitx2c or CFC misexpression, Flectin expression is observed primarily in the right mesocardium at the anterior end of the tubular heart (Linask et al., 2003 (Linask et al., , 2002 , although at midlevel and posterior regions of the heart tube, Flectin expression was again enriched on the left side of the dorsal mesocardial folds and in the left myocardium.
We examined Flectin expression in HH stage 11-12 embryos that had been infected with Claudin-1 retroviral particles on their right sides at HH stage 4. In all of the embryos with normal rightwardly looped hearts, Flectin expression was higher in the left dorsal mesocardial folds and left myocardium throughout the heart tube (nZ10; Fig. 7a-c) . In contrast to what we expected, Flectin was also expressed at higher levels in the left splanchnic mesoderm, left dorsal mesocardial folds and left myocardium in the embryos with leftward looping hearts (nZ7; Fig. 7d-k) . The difference in the level of Flectin expression on the right and left sides of the embryo ranged from being to very distinctive (Fig. 7e) to a more subtle difference (Fig. 7i) . The level of Flectin expression in the dorsal mesocardium appeared to directly correlate with the thickness of the tissue in this region in the anterior half of the tubular heart. In the posterior sections, Flectin was expressed only on the left-side and its expression is independent of cell number, as previously described in both rightward and leftward looping hearts (Linask et al., 2002 (Linask et al., , 2003 .
Misexpression of Pitx2 on the right side of the embryo does not affect Claudin-1 expression
One possibility for the absence of major changes in the expression of asymmetrically expressed genes that are part of the left-right patterning cascade is that Claudin-1 functions downstream of these components. Pitx2c is the most downstream evolutionarily conserved factor in left-right patterning. Normally expressed only on the left side of the embryo, bilateral Pitx2c expression has been shown to randomize the direction of heart looping (Campione et al., 1999; Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; St Amand et al., 1998; Yoshioka et al., 1998) . Therefore, to determine if Claudin-1 is downstream of Pitx2c, we overexpressed Pitx2c retroviral particles on the right side of HH stage 4 chick embryos. Embryos were collected 6 and 24 h after injection and assayed for Claudin-1 expression by whole mount in situ hybridization. At these stages of development, Claudin-1 expression is limited to the epithelialized ectoderm and endoderm and migrating germ cells (Simard et al., 2005) . We did not observe any changes from the endogenous pattern of Claudin-1 expression in the Pitx2c-injected embryos (data not shown), suggesting that Claudin-1 is not a direct downstream target of Pitx2c. This result was not unexpected as Claudin-1 is not expressed in the lateral plate mesoderm.
Threonine-206 in the cytoplasmic tail of Claudin-1 is essential for its ability to randomize left-right patterning
The last four amino acids of Claudin-1 encode a PDZ binding domain which is important for its interaction with proteins that contain PDZ domains, including ZO-1, a component of the tight junction cytoplasmic plaque. A truncated form of Xcla that is missing the C-terminal cytoplasmic domain was shown to be incapable of effectively interacting with ZO-1, but could still randomize the direction of heart looping in Xenopus, albeit somewhat less efficiently than full-length Xcla (17 vs. 29%) (Brizuela et al., 2001) . To determine if a truncated form of Claudin-1 would behave in the same way we prepared a comparable truncation of chick Claudin-1 by inserting a stop codon in place of the glutamic acid residue at position 190 (E190stop). This essentially removes the entire cytoplasmic C-terminus. Overexpression of this construct had no affect on the direction of heart looping, regardless of whether it was injected on the left or right side of the embryo (Table 3) . Thus, the presence of the C-terminal cytoplasmic domain of Claudin-1 is required for its ability to randomize the direction of heart looping when overexpressed in the chick embryo.
Recently, phosphorylation of the claudin cytoplasmic tail has been shown to be important for regulating their tight junction functions. A putative MAPK phosphorylation site at threonine-203 in rat Claudin-1 is required to enhance barrier function in a rat lung endothelial cell line (Fujibe et al., 2004) . Although the chick Claudin-1 cytoplasmic domain did not contain a MAPK Table 3 The Claudin-1 C-terminal cytoplasmic domain and an intact putative phosphorylation site at T206 is required for Claudin-1 to randomize the direction of heart looping RCAS construct % Embryos with leftward heart looping Injected on left at HH stage 4
Injected on right at HH stage 4
Cldn-1 E190stop 12% (nZ12/91) 11.6% (nZ11/95) Cldn-1 T206A 9.5% (nZ4/42) 5% (nZ2/37)
Overexpression of the truncated Claudin-1 protein or the T206A mutant did not randomize the direction of heart looping. consensus sequence, threonine-206 (T206) is embedded within a phosphorylation recognition sequence for protein kinase C (TGK) and casein kinase II (TGKD) (Fig. 8) . A protein kinase C site was also present in Xcla but not in chick Claudin-3. To determine if T206 was required for Claudin-1's ability to affect left-right patterning events, we prepared a construct where the threonine-206 was mutated to a neutral residue (alanine; T206A). To ensure that mutation of the T206 to alanine did not affect the ability of the protein to localize to tight junctions, we transfected wild type Claudin-1 or the T206A mutant Claudin-1 into HEK293 cells using the SV40-pTracer vector (Invitrogen). HEK293 cells do not express endogenous Claudin-1 but do express other tight junction components, including ZO-1 and occludin ( Fig. 9 and data not shown). Transfected cells were identified by the expression of GFP whose expression is independently regulated by the CMV promoter. Claudin-1 was not detected in untransfected HEK293 cells or in cells that were transfected with the empty pTracer vector (Fig. 9b,e) . In HEK293 cells that were transfected with pTracer-Claudin-1 or the T206A mutant Claudin-1, Claudin-1 localized to the interface of adjacent transfected cells (Fig. 9d,i,l) . We performed double immunohistochemical analysis using a Claudin-1 specific antibody and an antibody against zona occludins-1 (ZO-1), a component of the tight junction cytoplasmic plaque (Fig. 9 ) and with occludin (data not shown). Both the wild type and T206A Claudin-1 proteins colocalized with ZO-1, as determined by the yellow signal in the merged images (Fig. 9j,m) . Parallel experiments with the E190stop construct were not performed since the Claudin-1 specific antibody was raised against the cytoplasmic C-terminal tail, and therefore, does not recognize the truncated Claudin-1.
The T206A Claudin-1 mutant was unable to randomize the direction of heart looping when it was overexpressed on the left or right side of stage HH 4 embryos. Leftward heart looping was observe in only 5% of the injected embryos (Table 3) , which was not significantly different from the 9.5% we obtained from injection of T206A Claudin-1 retroviral particles on the left side of the embryo (c 2 Z 0.48, PZ0.49) and both values were well within our background levels associated with ex ovo embryo culture. These data suggest that the cytoplasmic C-terminal tail of Claudin-1 is required for its ability to affect left-right patterning when overexpressed in the embryo and that phosphorylation of the T206 is critical for this function.
Discussion
Claudins are essential for the formation of tight junctions, which act to regulate the permeability of epithelialized and endothelialized cell layers and maintain the normal cellular environment in the tissues and organs in which they are found (reviewed in Gonzalez-Mariscal et al., 2003; Matter and Balda, 2003; Turksen and Troy, 2004) . In fact, it is the claudin component of the tight junction that is primarily responsible for regulating the size and ion selectivity properties of the tight junction. A significant amount is known regarding the biochemical and cell biological properties of tight junctions and their components (Gonzalez-Mariscal et al., 2003; Matter and Balda, 2003a,b; Schneeberger and Lynch, 2004) . In addition, disregulation of tight junctions or alterations in the level of claudin gene expression have been implicated in a large number of varied pathological conditions (Harhaj and Antonetti, 2004; Mitic et al., 2000; Sawada et al., 2003) . For example, decreased Claudin-1 expression has been correlated with a poor prognosis in cancer (Hoevel et al., 2004; Resnick et al., 2004; Swisshelm et al., 1999) . In comparison, relatively little is known regarding the role of the claudin family of tight junction proteins during normal vertebrate embryogenesis. Here, we investigated the role of chick Claudin-1 in determining the direction of heart looping.
Asymmetric Claudin-1 expression is required for normal rightward heart looping
We found that Claudin-1 was expressed at w2-fold higher levels on the left side of the embryo than on the right side between HH stages 4 and 6. In this study, we have demonstrated that overexpression of Claudin-1 on the right side of the embryo caused leftward heart looping, in marked contrast to overexpression of Claudin-1 on the left side of the embryo which had no effect. These data led us to hypothesize that maintenance of higher levels of Claudin-1 on the left side of the embryo is essential for normal rightward heart looping. However, we do not achieve a sufficiently broad level of overexpression on the right side of the embryo at the time during embryogenesis when Claudin-1 was observed to be asymmetrically expressed to support this hypothesis. The leftward heart looping that resulted from Claudin-1 overexpression was not associated with any other major effect on the overall patterning of the embryos along their anterior-posterior or dorsal-ventral axes. In addition, the inability of Claudin-3, to alter the direction of heart looping, suggests that the effect is specific to Claudin-1 and not simply due to the overexpression of any claudin protein.
Finally, we demonstrated that the ability of Claudin-1 to affect the direction of heart looping was dependent on the presence of its cytoplasmic C-terminal tail and a threonine at position 206, immediately adjacent to its PDZ binding domain.
3.2. Leftward heart looping induced by Claudin-1 overexpression is independent of changes in gene expression in the lateral plate mesoderm
Overexpression of Claudin-1 on the right side of HH stage 4 embryos resulted in abnormal leftward heart looping and ectopic expression of Nodal in the right perinodal region. The greater incidence of Nodal induction (44%) than leftward heart looping (27%) suggests that Claudin-1 overexpression randomized heart looping rather than specifically directed leftward looping. In Xenopus, microinjection of the full-length Claudin molecule, Xcla, into the 4-cell stage embryo results in leftward heart looping (Brizuela et al., 2001 ). However, in contrast to the overexpression of Xcla, which induced Nodal expression in the right lateral plate mesoderm, we found that the region of ectopic Nodal expression in the Claudin-1 injected embryos did not extend to the lateral plate mesoderm. In addition, Lefty-2 and Pitx2c, which are downstream targets of Nodal signalling in the lateral plate mesoderm, were not induced. The absence of a change in cSnR expression in the right lateral plate mesoderm further supports that overexpression of Claudin-1 on heart looping is not affecting asymmetric gene expression in the lateral plate mesoderm.
It is possible that the induced perinodal patch of Nodal expression corresponds to the Nodal expression domain that would normally be detected in this region at HH stage 8C to 9, suggesting that overexpression of Claudin-1 precociously induced right-sided Nodal expression. Our data does not preclude the possibility that this premature induction of Nodal is at least in part responsible for the leftward heart looping observed following Claudin-1 overexpression. However, the absence of subsequent induction of Nodal or its downstream targets Lefty-2 and Pitx2c in the lateral plate mesoderm, would imply that Claudin-1 tight junctions are not acting through the Nodal/Pitx2c cassette. In addition, given that Nodal expression in the left lateral plate mesoderm is initiated at stage 7-, and Claudin-1 overexpression could be initiated as late as HH stage 7, the effect of Claudin-1 on the direction of heart looping is unlikely to be upstream of Nodal expression in the lateral plate mesoderm. The fact that endogenous Claudin-1 expression is not detected in the lateral plate mesoderm, and that it could not be induced by ectopic overexpression of Pitx2c, further suggests that the effect on heart looping that we are seeing is independent of the Nodal/ Pitx2c gene expression in the lateral plate mesoderm. Finally, the absence of any differences in the expression patterns of several components of Notch signalling, which are upstream of Nodal expression at the node , including Notch, Delta-like ligand 1, and Lunatic Fringe (A. Simard, A. Ryan; unpublished observation), would also support this hypothesis.
The effects of Claudin-1 overexpression on heart looping observed in our study are most similar to overexpression of the CFC, an essential cofactor of Nodal signalling. Overexpression of CFC on the right side of the node also caused leftward heart looping without affecting the endogenous expression patterns of Nodal, Lefty, Pitx2 or cSnR (Schlange et al., 2001 ). In contrast, antisense CFC loss-of-function experiments cause both leftward heart looping and altered gene expression (Schlange et al., 2001) . These data suggest that the CFC gain-of-function experiments and loss-of-function experiments are potentially affecting two independent aspects of the leftright patterning cascade. Based on our data, we propose that gain-of-function experiments with Claudin-1 are affecting the direction of heart-looping at a stage in left-right patterning that is downstream of asymmetric gene expression in the lateral plate mesoderm or the developing heart tube. Targeted gene deletion of the Claudin-1 locus causes mice to die within 24 h of birth due to dehydration from defects in their epidermal barriers . It is not clear whether these mice have been analyzed for laterality defects. We are currently developing experimental approaches to overcome the technical challenges of asymmetrically knocking-down gene expression in the early chick embryo in order to determine if the asymmetry of Claudin-1 expression between HH stages 4-6 is essential for normal left-right patterning.
Claudin-1 overexpression did not alter Flectin expression in the dorsal mesocardial folds
We did not detect a significant change in the expression pattern of the extracellular matrix protein Flectin when Claudin-1 was overexpressed on the right side of the embryo (nZ7/8). In both rightwardly and leftwardly looped hearts, Flectin was expressed at higher levels in the left dorsal mesocardial fold and left splanchnic mesoderm. In the anterior region of the tubular heart, the tissue at the transition of the dorsal mesocardium and splanchnic mesoderm was thicker on the left side of the embryo than on the right and thus explains why we observed stronger Flectin expression on the left side. In contrast, Flectin expression is higher on the right side in embryos with leftwardly looped hearts caused by Pitx2c misexpression or downregulation of Cfc (Linask et al., 2003 (Linask et al., , 2002 , suggesting that Pitx2c and CFC are upstream of asymmetric proliferation in the dorsal mesocardial folds, which has been proposed to determine the direction of heart looping (Linask et al., 2005) . Similarly, to Claudin-1, CFC overexpression on the right side of the embryo does not result in changes in the normal pattern of asymmetric gene expression. It would be interesting to determine if Flectin expression is also unaffected following CFC overexpression on the right side of the embryo.
Given that Claudin-1 overexpression is initially limited to a relatively small number of cells that undergo gastrulation, that retrovirally infected cells are never observed in the tubular heart, and that the effects of Claudin-1 overexpression appear to be downstream of all known components of the left-right patterning cascade, we propose that its effect on heart looping is due to over-or ectopic expression in a specific population of cells that originate from the ectoderm on the right of the embryo prior to gastrulation. Normally, endogenous Claudin-1 expression is downregulated in the cells from the ectoderm as they ingress through the primitive streak during gastrulation. Retrovirally infected cells would continue to express Claudin-1 even following their ingression through the streak. The continued ectopic expression of Claudin-1 and its presumed integration into tight junctions could affect the structural or physiological integrity of this cell population, and potentially lead to altered tensions or mechanical forces on the tubular heart, thereby randomizing the direction of heart looping.
The Claudin-1 C-terminal cytoplasmic domain is essential for its ability to induce leftward heart looping
Our data demonstrate that despite the fact that Claudin-1 and -3 can form heterotypic tight junctions (Furuse et al., 1999) and impart similar properties to tight junctions-both increase the tightness of the junctions and reduce paracellular permeability (Coyne et al., 2003; Florian et al., 2003; Furuse et al., 2001 )-they function differently in vivo. In contrast to overexpression of Claudin-1, misexpression of Claudin-3, which is virtually absent from the ectoderm at HH stage 4, had no effect on heart looping. This was also surprising given that Claudin-3 and the Xenopus claudin, Xcla, which randomizes heart and gut situs when overexpressed in Xenopus (Brizuela et al., 2001) , are more similar to each other than either are to Claudin-1. These data indicate that in addition to the selectivity and permeability of tight junctions other aspects of claudin function in tight junctions are important.
The cytoplasmic C-terminal tails of claudin proteins are responsible for interacting with a large number of proteins that are recruited to the tight junction cytoplasmic plaque. Our data suggest that mechanism by which Claudin-1 overexpression induces leftward heart looping is dependent upon its C-terminal cytoplasmic tail: removal of the Claudin-1 cytoplasmic tail eliminated its ability to induce leftward heart looping. This differs from the observation that deletion of the Xcla C-terminus reduced, but did not eliminate, its ability to randomize organ situs (Brizuela et al., 2001) . The experiments performed with the C-terminally truncated Xcla (XclaDcter) protein were very different from the ones that we performed: XclaDcter mRNA was injected into two cells of a 4-cell stage Xenopus embryo, while we have used retroviral overexpression at a comparably later stage of development and in a proportionally smaller number of cells. Therefore, the differences between these two results may simply lie in the inherent differences of the two experiments. In addition, the patterning mechanism affected by overexpression of Xcla, which appears to function at an earlier stage in left-right patterning based on its effects on asymmetric gene expression, may be specifically at the level of paracellular transport and not dependent on protein interactions of its C-terminus with other components of the cytoplasmic plaque.
Phosphorylation of the cytoplasmic C-terminal domain of claudin molecules has been clearly demonstrated to be an important mechanism for regulating tight junction function (Fujibe et al., 2004; Nunbhakdi-Craig et al., 2002; Soma et al., 2004) . In particular, Sawada and colleagues have shown that the MAPK phosphorylation site at amino acid residue 203 in rat Claudin-1 (T203) is required to enhance barrier function in cell culture (Fujibe et al., 2004) . Both Claudin-1 and Xcla contain a PKC phosphorylation consensus site in their cytoplasmic C-terminal tails at positions T206 and T209, respectively. Although Claudin-3 contains a serine residue at position 207 that aligns with T206 in Claudin-1, it is not embedded within a PKC phosphorylation site. Our demonstration that T206 in Claudin-1 is required for its ability to disrupt normal rightward heart looping, suggests that Claudin-1's activity is regulated by a phosphorylation event that alters its interactions with other components of the cytoplasmic plaque. Yost and colleagues demonstrated that asymmetric phosphorylation of syndecan-2 on the right side of the embryo by protein kinase C g during gastrulation is an important component of left-right patterning in Xenopus (Kramer et al., 2002) . It is interesting to consider the possibility that Claudin-1 may be similarly regulated during gastrulation.
The ability of tight junctions to both regulate paracellular transport and prevent apical-basolateral membrane mixing, permits them to regulate signalling between cell layers and impart critical spatial information to the cells in which they are expressed. Our data demonstrating the asymmetric effect of Claudin-1 overexpression on heart looping provide additional evidence for the importance of cell-cell contact and communication for the integration of signals that contribute to the overall establishment and patterning of the left-right axis. Our data indicate that we are affecting a stage in left-right patterning that is downstream of known asymmetric gene expression, and perhaps directly affecting the morphogenetic movements associated with heart looping. We speculate that Claudin-1 containing tight junctions in the ectoderm of HH stage 4-6 chick embryos may asymmetrically regulate access of small hydrophilic molecules and/or ions to the underlying lateral plate mesoderm on the left and right sides of the embryo. This may act to regulate embryonic patterning events, including those that are responsible for establishing the leftright axis. Loss-of-function experiments will be required to test this hypothesis. Furthermore, we propose that the function of Claudin-1 containing tight junctions is dependent on the presence of a threonine at position 206 and thus, phosphorylation-dependent. Ultimately, it will be necessary to identify the cytosolic proteins whose interactions with Claudin-1 are dependent on T206 phosphorylation to fully understand the role of this modification in regulating the function of Claudin-1 during embryogenesis.
Experimental procedures
4.1. Cloning of Claudin-1 and Claudin-3 A cDNA representational difference analysis (RDA) approach (Bermingham et al., 2001; Hubank and Schatz, 1994 ) was used to obtain pools of cDNA that were enriched for genes expressed asymmetrically on the right or left side of the embryos. Starting mRNA was prepared from tissue that had been dissected from the left or right side of approximately 20 dozen HH stage 9-14 chicken embryos (staged according to Eyal-Giladi and Kochav (1976) or Hamburger and Hamilton (1992) ). All tissue lateral to the somites and posterior to the heart tube was collected from each embryo. RDA was performed as described (Bermingham et al., 2001) . Clones isolated from this screen were sequenced using Big Dye A C-terminal truncation and the threonine-206 to alanine substitution mutations in Claudin-1 were made using the using QuickChange w SiteDirected Mutagenesis kit (Stratagene). All mutagenesis reactions were performed in the context of the Slax adaptor plasmid constructs. The following primers and their reverse complements were used in the mutagenesis reactions: Claudin-1 E190stop was obtained using the primer 5 0 -CCAAAAATGCCCCCTCCTGAGGGAAGGATTACG-3 0 and Claudin-1 T206A was obtained using the primer 5 0 -CCAAAAATGCCCCCTCCGC GGGGA-3 0 . Mutations were confirmed by sequencing. Mutated cDNA inserts were cloned into the RCASBP(A) vector and retroviral particles were obtained and injections were performed as described above.
Quantitative RT-PCR
Total RNA was isolated from the left and right lateral plate mesoderm of HH stage 4-7 chick embryos using the RNeasy extraction kit (Qiagen). Primer pairs cldnE2/3L 5 0 -TCATCATTGCAGGTCTGTCA-3 0 and cldnE2/3R 5 0 -GGGC TGATCCAAACTCAAA-3 0 were used to amplify a 117-bp fragment of claudin-1 and GAPDHL 5 0 -GGAGAAACCAGCCAGTATGA-3 0 and GAPDHR 5 0 -ACCATTGAAGTCACAGGAGACAA-3 0 were used to amplify a 101-bp fragment of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). GAPDH content was monitored to normalize for the input of RNA. Real-time quantitative RT-PCR was performed on a Mx4000 apparatus (Stratagene, La Jolla, CA) with Mx4000 Analysis Software, Version 3 software using the QuantiTect SYBR Green RT-PCR kit (Qiagen). Quantification was done using the standard curve method. Standard curves were established with 100 pg-100 ng of RNA purified from HH stage 9 embryos. Reactions were performed using 1 ng of RNA in a 25 ml volume. 
Preparation of retroviral vectors
Claudin-1 and Claudin-3 were cloned into the Slax adaptor plasmid and then inserted into the RCASBP(A) vector (Hughes et al., 1987) . Chicken embryonic fibroblast cells (CRL-12203, ATCC) were transfected with the RCAS constructs using Lipofectamine TM 2000. Cells were assessed for 100% infection and then retroviral particles were collected for the subsequent 3 days according to standard protocols. Following collection of retroviral particles, the viral titer was determined by immunohistochemical analysis of infected chicken embryonic fibroblast cells with the AMV-3C2 antibody. The AMV-3C2 antibody which recognizes the retroviral env protein was developed by David Boettiger and obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA 52242.
Ex ovo embryo culture and retroviral injections
Embryos were removed from the egg between HH stages 4 and 7 of embryogenesis using a filter paper carrier and cultured ventral side up on a soft agar-albumen medium as previously described (Chapman et al., 2001) . Embryos were injected with retroviral particles (cClaudin-1/1!10 6 -1.85!10 6 pfu, cClaudin-3/6.5!10 6 -2!10 7 pfu) in DMEM high glucose media (Invitrogen) containing 1% Fast Green using a Narishige IM 300 microinjector. Retroviral particles were injected into either the right or left side of the embryo at a level that was parallel or immediately posterior to the level of the node. The embryos were then were placed in a humidified chamber at 38.5 8C and cultured until the embryos reached HH stage 11-12 and the status of heart looping could be assessed.
Whole mount in situ hybridization
Antisense probes for Pitx2 (Ryan et al., 1998) , Claudin-1, Claudin-3, Nodal, and Lefty were produced and in situ hybridization analysis was performed as previously described (Nieto et al., 1996) . A 900-bp SalI/ClaI env fragment of RCAS was used to prepare the RCAS riboprobe. The time of proteinase K (10 mg/ml) treatment was reduced to 1 minute for embryos that were cultured ex ovo. After color development, embryos were stored in PBS until photographs were taken. Prior to cryosectionning, embryos were washed in 5% sucrose/PBS for 1 h and then washed in 30% sucrose/PBS at 4 8C overnight. Embryos were embedded in Shandon Cryomatrix and sectioned at 10-12 mm and coverslipped using glycerol gelatin (Sigma).
Immunohistochemical analysis of claudin-1 expression
Chick embryos were collected and fixed in 3.7% formaldehyde/60% ethanol/30% water for 1 h, washed two times for 15 min in 70% ethanol and stored at K20 8C. Embryos were dehydrated through a series of ethanol washes, washed two times 30 min in Xylene and then embedded in paraffin. Embryos were sectioned at 10 mm and collected on Fisherbrand Superfrost Plus glass slides. HEK293 cells were transfected with wild type Claudin-1 or the T206A Claudin-1 mutant in the expression vector pTracer SV40 (Invitrogen). Cells were fixed in 4% PFA for 10 min at room temperature. Rabbit antiClaudin-1, mouse anti-occludin, and mouse anti-ZO-1 antibodies (Zymed Laboratories, Inc.,) were applied to the slides at 1:25, 1:150, and 1:30 dilutions, respectively. Antibodies were detected with Alexa flour 488 or 594 conjugated goat-anti-rabbit IgG and Alexa fluor 594 conjugated goat anti-mouse IgG (Molecular Probes, Inc.,). Slides were coverslipped with SlowFade w Light Antifade kit (Molecular Probes, Inc.,) which contained DAPI to enable visualization of the nuclei.
Immunohistochemical analysis of Flectin expression
Following ex ovo culture, chick embryos were collected and fixed in 4% PFA at room temperature for 1 h or at 4 8C overnight. They were then dehydrated in methanol and stored at K20 8C. Embryos were processed for whole mount immunohistochemistry according to the protocol described by Linask and Tsuda (2000) . After the final washes, embryos were placed in 5% sucrose-PBS for 1 h at room temperature and then incubated for 2 days in 30% sucrose-PBS at 4 8C. Embryos were embedded in cryomatrix and sectioned at 10 mm using a Leica cryostat. Sections were collected on Fisherbrand Superfrost plus glass slides and coverslipped using Slowfade Gold with DAPI (Molecular Probes, Inc.,).
